
Rover Localization in Mars Helicopter-generated Aerial 
Maps: Experimental Results in a Mars-analogue 
Environment

Copyright 2018 California Institute of Technology. U.S. Government Sponsorship acknowledged.

Kamak Ebadi, Ali-Akbar Agha-Mohammadi
ISER 2018



jpl.nasa.gov

Introduction
Current

Science-oriented mission
• Understanding Mars geology and habitability of

environment

• Frequent stops for scientific interests

Day-to-day operations
• Planning tactical activities for 1-3 Martian days

in a single ground-in-the-loop cycle

• “Restricted sols” due to Earth-Mars time gap

Limited use of AutoNav
• Significantly slower than manual drive

• Wheel damage (MSL)

Future (2020 and beyond)

More drive-oriented missions
• e.g., Collect sample tubes and return to the 

base before to launch to Earth 

• Travel longer distance per sol

Higher dedication to AutoNav
• Drive beyond the line of sight

• Drive longer on restricted sols

Increased onboard resources
• Vision-dedicated processors (Mars 2020) and 

multi-core general-purpose processors (future 

missions)

Curiosity Rover

Mars 2020 Mars Sample Return
Fetch rover (concept)



jpl.nasa.gov

Autonomous Vision-based Navigation

Challenges: 

• Failure to detect features on low texture terrain

• Failure to track features due to glare or shadows

Current Solution: 

• Human intervention (manual mast pointing)

Alternative Solution: 

• perception-aware mast pointing to reduce uncertainty and visual odometry failure

Feature-poor terrain on Mars
(Left: MSL Curiosity, Right: MER Opportunity)
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Prediction

Perception-aware Mast Pointing
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Example of Synthesized Images 

Time !
Action "

Predicted Measurements

Time !

Measurement #$

Perception-aware Mast Pointing
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Perception-aware Mast Pointing

Passive Perception-aware
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Perception aware mast pointing

Pros:
ØReduce uncertainty and visual odometry failure

Cons:
ØRelies on rover’s measurement of the local terrain
ØCan only predict few steps into the future
ØNot suitable for strategic long term planning

A Potential Future Solution à Mars Helicopter!
ØRely on high resolution aerial imagery for long term
trajectory and mast planning
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Specifications:
Ø Flight Time: 90s/sol
Ø Flight Range: ~600m
Ø Flight Altitude: 3m to 10m

Mars Helicopter



9

Mars Helicopter – Scouting the Martian Terrain

Objective:
Ø Identification of interesting science targets

Ø Acquire high resolution aerial imagery of the environment
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Rover Localization in Mars Helicopter Aerial Maps

Objective:
To create a high resolution aerial map that can be used for rover’s long term strategic planning

Challenge:
Rover needs to establish its pose in the provided aerial map for a successful perception aware
trajectory and mast planning
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Aerial-to-Ground Localization

CGM : Copter-generated Map

Sequence of Aerial Imagery

Image feature extraction and matching

Camera pose estimation

Recovery of the 3D structure of the terrain

CGM

Estimated camera 
location for image ai
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A2G Image Matching
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CGM

Ambiguity in Data Association
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A2G Image Similarity Evaluation 
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Transform
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Particle Filter Localization
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Particle Filter Localization

Estimated Camera Locations
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Experiments
Jet Propulsion Laboratory’s Mars Yard

Ø Outdoor simulated Mars-analogue environment

Ø Large test area to test different robotic applications 

Ø Various natural lighting conditions, soil characteristics, and rock colors.
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Experiments
Jet Propulsion Laboratory’s Mars Yard

a) Feature-rich terrain

b) Repetitive and ambiguous features

c) Feature-poor terrain with sparse landmarks



Viewing Angle Variations
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Comparison of Different Feature Detection/Description 
Methods

Ø Terrain Type: Feature-rich

Ø Time of Day: Morning for both Aerial and Ground imagery

Ø Performance Metric: Localization accuracy compared to rover’s ground truth



Terrain Type Variations

Ø Terrain Types: 

o Feature-rich, 

o Feature-poor

o Repetitive and Ambiguous Features

Ø Time of Day: Morning for both Aerial and Ground imagery

Ø Performance Metric: Localization accuracy compared to rover’s ground truth

4x



Illumination Variations

22

Feature-poorRepetitive-FeaturesFeature-rich

Ø Terrain Types: 

o Feature-rich, 

o Feature-poor,

o Repetitive Features

Ø Aerial Dataset obtained at 9:00AM

Ø Ground imagery obtained:

o Morning (9:00 AM)

o Noon (1:00 PM)

o Evening (5:00PM)
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Repetitive Features Terrain Feature-poor Terrain

Drive

Mast Direction

Feature-rich Terrain

Conclusion
ØRobust A2G localization is possible in a feature-rich Mars-like environment



jpl.nasa.gov

Conclusion

Ø Once the rover is localized in the map à long term strategic planning 
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Future Work

Ø Investigate the graph-based methods for distributed collaborative mapping 

using a team of rover and helicopter in a Mars-like environment.

Distributed Collaborative Mapping
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Probabilistic Kinematic State Estimation for

Motion Planning of Planetary Rovers
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Abstract— Kinematics-based collision detection is important

for robot motion planning in unstructured terrain. Especially,

planetary rovers require such capability as a single collision

may lead to the termination of a mission. For onboard

computation, typical numeric approaches are unsuitable as they

are computationally expensive and unstable on rocky terrain;

instead, a light-weight analytic solution (ACE: Approximate

Clearance Evaluation) is planning to be used for the Mars 2020

rover mission. ACE computes the state bounds of articulated

suspension systems from terrain height bounds, and assess the

safety by checking the constraint violation of states with the

worst-case values. ACE’s conservative safety check approach

can sometimes lead to over-pessimism: feasible states are

often reported as infeasible, thus resulting in frequent false

positive detection. In this paper, we introduce a computationally

efficient probabilistic variant of ACE (called p-ACE) which

estimates the probability distributions of states in real time.

The advantage of having probability distributions over states,

instead of deterministic bounds, is to provide more flexible and

less pessimistic worst-case evaluation with probabilistic safety

guarantees. Empirically derived distribution models are used to

compute the total probability of constraint satisfaction, which

is then used for path assessment. Through experiments with a

high-fidelity simulator, we empirically show that p-ACE relaxes

the deterministic state bounds without losing safety guarantees.

I. INTRODUCTION

To competently perform motion planning on uneven
terrain, a mobile robot must predict the effect of its
interaction with the environment. The accurate prediction
of this interaction helps planners to make more efficient
plans, reducing the risk of detours and immobilization. It
is particularly important for motion planners of planetary
rovers, which have to drive long distances without being
trapped by terrain hazards. Due to the severe restriction
in radiation-tolerant computational resources, the current
navigation software only relies on the geometrical statistics
of terrain within rover-sized discs [1], [2]. Such simplified
interaction model tends to fail in a cluttered environment,
limiting the use of autonomous navigation mode only in
benign terrain.

In response to the increasing demand for longer
autonomous traversal in complex environments, NASA/JPL
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Fig. 1: An artist’s concept of the Mars 2020 rover exploring a
rocky environment. (Credit: NASA/JPL-Caltech)

Mars 2020 rover (Fig. 1) is planning to use a
new motion-planning algorithm. Approximate Clearance
Evaluation (ACE) [3], [4] is developed as its core algorithm
for estimating the rover-terrain interaction. It is a light-weight
inverse-kinematics solver that computes the bounds of a
kinematic state based on the uncertainty in wheel-terrain
contact. Since ACE conservatively evaluates the worst-case
state in an analytic form, it is guaranteed to be safe, as
well as computationally efficient. However, the conservatism
sometimes makes ACE over-pessimistic: traversable paths
are reported as collisions, especially in terrains with higher
rock abundance. It is mainly because large uncertainty in
wheel placement is directly propagated to the vehicle’s other
states. Such pessimism may result in the excessive reduction
of candidate paths during motion planning.

There have been other efforts in the area of robot
navigation in natural terrain. In the context of kinematics
estimation, the most common approach is to use a numeric
method to iteratively solve the non-linear optimization
problem under various kinematic constraints. Many
physics-based simulators have this capability, such as
ODE (Open Dynamics Engine) [5] and ROAMS (Rover
Analysis, Modeling, and Simulation) [6], [7]. Based on
the numerical kinematics evaluation, motion planning
has been performed for wheeled robots [8], [9] and
tracked robots [10]. In general, the numerical approach
is computationally expensive for motion planning, which
requires thousands of pose evaluations in each planning
cycle, and almost intractable for planetary rovers. Moreover,
the run-time performance changes significantly according to
the complexity of the vehicle model and the terrain shape.

For the realization of a robust yet efficient collision
prediction, this paper presents a probabilistic variant of
ACE (named p-ACE). p-ACE estimates the probability
distributions over vehicle states based on the vehicle
kinematics model and terrain height uncertainty. It has a
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Backup Slides
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Future image synthesis and performance prediction

Visual Image !"

Current #$

Predicted #̀$&'
Synthetic Image ̀!"&(

Where to point mast?
When to take image?

Future Work: Perception-aware Motion Planning



Curiosity rover can be seen at the Pahrump Hills area of Gale Crater in this view from the HiRISE 

camera on the Mars Reconnaissance Orbiter. Image credit: NASA / JPL-Caltech / University of Arizona.

Rover Localization on HiRISE Imagery
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Summary of Experiments

Experiment Performance Metric

A2G Viewing Angle Variations Number of correct matches

Feature detector/descriptor variations Number of correct matches
Localization Error

Illumination Variations Localization Error

Terrain Type Variations Localization Error

Feasibility, robustness and performance of A2G localization is studied 

under following conditions:
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Autonomous Vision-based Navigation

Challenges: 

• Failure to detect features on low texture terrain

• Failure to track features due to glare or shadows

Current Solution: 

• Human intervention (manual mast pointing)

Alternative Solution: 

• perception-aware mast pointing to reduce uncertainty and visual odometry failure

Feature-poor terrain on Mars
(Left: MSL Curiosity, Right: MER Opportunity)

Feature tracking failure
due to rover shadow


